We report, for the first time to our knowledge, an all-fiber wavelength-swept Tm-doped laser based on a fiber FabryPerot tunable filter in the 2 μm spectral region. The laser wavelength can be continuously tuned over 200 nm from 1840 to 2040 nm in a short period of time. The demonstrated tuning speed was 12:5 μm=s with a tuning efficiency of 17:5 nm=V. The spectral linewidth of the laser was measured to be approximately 300 MHz or 0:01 cm −1 . This kind of laser can find potential applications in both high-resolution laser spectroscopy and tunable mid-IR generation via nonlinear frequency conversion. © 2011 Optical Society of America OCIS codes: 060.2320, 140.3510, 140.3570, 140.3600. Laser sources near 2 μm based on Tm 3þ and Ho 3þ ions have attracted intense interest in recent decades for their potential applications. For example, atmospheric lidar sensing application requires compact highly reliable laser sources near 2 μm for airborne and spaceborne atmosphere measurements [1, 2] by utilizing abundant characteristic absorption lines of atmospheric H 2 O and CO 2 in this spectral region. Another emerging application for 2 μm lasers is to use them as a pump source for longer wavelength IR generation via nonlinear frequency conversion, such as with an optical parametric oscillator (OPO) [3] . Obviously, these applications can greatly benefit if the wavelength of 2 μm lasers can be widely tuned.
Laser sources near 2 μm based on Tm 3þ and Ho 3þ ions have attracted intense interest in recent decades for their potential applications. For example, atmospheric lidar sensing application requires compact highly reliable laser sources near 2 μm for airborne and spaceborne atmosphere measurements [1, 2] by utilizing abundant characteristic absorption lines of atmospheric H 2 O and CO 2 in this spectral region. Another emerging application for 2 μm lasers is to use them as a pump source for longer wavelength IR generation via nonlinear frequency conversion, such as with an optical parametric oscillator (OPO) [3] . Obviously, these applications can greatly benefit if the wavelength of 2 μm lasers can be widely tuned.
Broad wavelength tunability of both a Tm-doped crystalline laser [4] and Tm-doped fiber laser [5] has been reported for two decades, with average output power at the several or even tens of watts level demonstrated recently [6, 7] . However, these previous demonstrations use fragile free-space laser cavity designs, even in those Tmdoped fiber lasers. In this Letter, we report an all-fiber wavelength-tunable Tm-doped fiber laser, whose wavelength can be rapidly swept over a wide spectral range by using a fiber Fabry-Perot tunable filter (FFP-TF). This kind of fiber laser has been demonstrated in the 1 and 1:55 μm wavelength regions [8, 9] , and here we report the first demonstration (to our knowledge) in the 2 μm wavelength region.
The critical wavelength-tuning operation is accomplished by the FFP-TF designed for the 2 μm region using Micron Optics' patented technology, as illustrated in Fig. 1 . As a seminal advancement from traditional bulkoptic Fabry-Perot filters, the FFP-TF technology is an all-fiber device having a concave cavity formed by two mirrors deposited directly onto fiber ends. A thin air gap within the cavity is used for wavelength tuning and control by a piezoelectric transducer (PZT) with positioning resolution of atomic dimensions. The key to the stable, high performance characteristics of this device is the incorporation of intrinsic beam shaping mechanism that provides intracavity waveguiding, elimination of extraneous cavity modes, and ease of mirror alignment required for high-finesse and low-loss operation.
The FFP-TF used in this experiment has a free spectral range (FSR) of ∼300 nm, an insertion loss of ∼1 dB, and a finesse of ∼2300, as characterized by a single-frequency laser [10] . The measured FSR and finesse reveal that the mirror reflectivity of the FFP-TF is about 99.863% with an air gap thickness of 6:3 μm. In Fig. 2 , the yellow (upper) trace is the input spectrum of an in-house broadband mid-IR supercontinuum fiber source, while the pink (lower) trace shows a typical narrow-line transmission spectrum of the filter, with an FWHM bandwidth of 0:13 nm over a wide spectral range, e.g., from 1850 to 2150 nm. By applying a sawtooth tuning voltage to the filter, its transmission wavelength can be rapidly swept, as shown in the green (middle) trace in Fig. 2 [note the high edges of the swept spectrum are due to the integration effect of the optical spectrum analyzer (OSA)].
The Tm-doped all-fiber wavelength-swept laser incorporating the FFP-TF is illustrated in Fig. 3 . A cw single-mode fiber source at 1:56 μm was used to core pump a piece of single-mode Tm-doped fiber via a fiber wavelength-division multiplexer (WDM) for the wavelength at 1:5 μm=2:0 μm. The length of the Tm-doped fiber was approximately 50 cm. All of the intracavity components, including an isolator, the tunable filter, and a 50=50 splitter, were fusion spliced together to form an all-fiber laser ring cavity with a cavity length of about 8 m.
The laser wavelength was determined by the transmission wavelength of the tunable filter, which in turn was piezoelectrically controlled by the voltage that was applied to the filter. Figure 4 shows typical laser spectra when constant voltages (upper graph) or a swept voltage (lower graph) was applied to the filter. The graphs were recorded with a Yokagawa OSA. The lower graph was obtained when the OSA was scanning many times in a maximum-hold mode. No synchronization was applied between the laser wavelength scans and the OSA scans. The laser wavelength can be tuned over 200 nm from 1840 to 2040 nm.
When pumping at 1 W with the 1:56 μm laser, the output power was ∼80 mW at the center of the tuning range (1900-1960 nm), and gradually decreased when approaching both ends of the tuning range. Figure 5 shows output power of the laser operating at 1930 nm as a function of launched pumped power. The corresponding slope efficiency was measured to be 12% at the wavelength. No effort was made to optimize the laser efficiency in this experiment. We believe that the losses of the intracavity components, including ∼0:5 dB loss for WDM, ∼1 dB for the isolator, ∼1 dB for the filter, and ∼0:5 dB extra loss for the 50=50 splitter should be partly responsible for the relatively low slope efficiency.
When a sawtooth voltage is applied to the filter, the laser wavelength can be swept rapidly. Figure 6 shows the temporal profile of the laser intensity during a laser sweep. It can be seen that the laser wavelength was swept over 200 nm in just about 16 ms, at a speed of 12:5 μm=s. The voltage required to achieve 200 nm wavelength tuning is ∼11:4 V, corresponding to a tuning efficiency of 17:5 nm=V. Note that the sweep speed is presently limited by the filter driver. The maximum sweep rate will depend on a combination of factors, including laser cavity net gain, round-trip time, and filter tuning speed limitation.
The dynamic operation of the laser, i.e., fast wavelength sweeping, has a high repeatability and reproducibility. However, it should be noted that in a static operation mode (with a constant voltage), the laser wavelength can drift at a rate varying from <0:1 nm=min to >1 nm=min, which is heavily dependent on the operation history of the PZT actuator, as expected. In general, the drift is high initially when the laser is switched from sweep mode to static mode, and then it gradually slows down over time.
The slow drift of the laser wavelength in a static mode could be an issue for some applications. The wavelength drift is the result of a nonnegligible temperature sensitivity of the tunable filter (about 1% of FSR per Kelvin, i.e., ∼3 nm=°C for the unit in this experiment). But for other applications where stable laser operation at a specific wavelength is needed, the capability of fast wavelength tuning of the laser offers a possibility to lock the laser operation wavelength to an external wavelength reference, just as demonstrated in a similar Er-doped tunable fiber laser [8] .
Spectral linewidth of the laser was measured by using a high-resolution scanning fiber Fabry-Perot interferometer (Micron Optics) with an FSR of 1 GHz and a finesse of ∼270. Figure 7 shows a typical scanning spectrum of the laser over one FSR. The measured spectral linewidth was about ∼300 MHz, or 0:01 cm −1 . The narrow-linewidth tunable laser can be used for high-resolution spectroscopic measurements.
It is easy to switch the laser operation from cw mode to pulsed mode, simply by changing the operation mode of the 1:56 μm pump laser from cw mode to pulsed mode. The in-band pump configuration in a Tm-doped fiber laser enables an easy way to generate gain-switched pulses near 2 μm, as previously demonstrated [11] . A pulsed wavelength-tunable 2 μm fiber source will be extremely useful for tunable mid-IR generation via nonlinear frequency conversion, such as OPO [3] .
In summary, an all-fiber wavelength-swept Tm-doped fiber laser has been demonstrated by using an FFP-TF. The laser wavelength can be rapidly tuned over 200 nm from 1840 to 2040 nm at a speed as high as 12:5 μm=s, and tuning efficiency of ∼17:5 nm=V. The spectral linewidth of the tunable laser is ∼300 MHz or 0:01 cm −1 , which allows for performing high-resolution laser spectroscopy. This type of laser can also be used in the application for longer-wavelength-tunable IR generation via nonlinear frequency conversion.
